Abstract The pyrimidine glycosides, vicine and convicine, limit the use of faba bean (Vicia faba L.) as food and feed. A single recessive gene, vc-, is responsible for a lowered vicine-convicine concentration. The biosynthetic pathway of these closely related compounds is not known, and the nearest available markers are several cM away from vc-. Improved markers would assist breeding and help to identify candidate genes. A segregating population of 210 F 5 recombinant inbred lines was developed from the cross of Mélodie/2 (low vicine-convicine) 9 ILB 938/2 (normal vicine-convicine), and vicineconvicine concentrations were determined twice on each line. The population was genotyped with a set of 188 SNPs. A strong, single QTL for vicine-convicine concentration was identified on chromosome I, flanked by markers 1.0 cM away on one side and 2.6 cM on the other. The interval defined by these markers in the model species Medicago truncatula includes about 340 genes, but no candidate genes were identified. Further fine mapping should lead to the identification of tightly linked markers as well as narrowing down the search for candidate regulatory or biosynthetic genes which could underlie the vc-locus.
Introduction
The pyrimidine glycosides, vicine and convicine, are the first factors limiting the use of faba bean (Vicia faba L.) in food and feed (Duc et al. 1989; Crépon et al. 2010) . Their aglycones, divicine and isouramil, are powerful oxidants and in humans with glucose-6-phosphate dehydrogenase deficiency, they cause an acute haemolytic anaemia called favism, while in chickens, they cause a similar rupture of erythrocytes, especially in broiler breeds, while in egglaying hens, productivity is decreased (reviewed by Crépon et al. 2010) . The biosynthetic pathway of vicine and convicine is not known, so there are no identified enzymes or enzyme genes that can be sought and used in a candidate gene approach. Wildtype faba bean cultivars contain 4-16 g/kg of vicineconvicine (Khamassi et al. 2013 ), but vc-genotypes contain 5-10 % of this (Duc et al. 1999 ) and vccultivars have subsequently been released (Duc et al. 2004) . Since the two compounds are always found together, it appears that they are synthesized in the same pathway. The vc-gene has been localized to 10.1 cM from colourless hilum (Duc et al. 2004 ), but not all colourless-hilum accessions are vc-. The identification of closer markers has had to await the development of new technologies that can be applied efficiently to the very large (13 Gbp) genome of this species. Gutierrez et al. (2006) reported the development of two RAPD (random amplified polymorphic DNA) markers converted to CAP (cleavage amplified polymorphism) linked to low vicineconvicine concentration, but these markers were further from vc-than hilum colour.
Cost-effective and highly saturated genetic maps of faba bean are being developed using single nucleotide polymorphisms (SNPs) because of their low cost, ease of use, and wide distribution through the genome (Cottage et al. 2012; Kaur et al. 2014; Khazaei et al. 2014) .
For these reasons, we applied the SNP set to a population of recombinant inbred lines segregating for vicine-convicine concentration. The main objective was to identify putative QTL (quantitative trait loci) as well as SNP markers linked to low vicineconvicine concentration. Our secondary aim was exploration of haplotype diversity in the region linked to low vicine-convicine in diverse genetic backgrounds.
Materials and methods
The parents for the mapping population were Mélodie/ 2, an inbred line selected from the French colourless hilum and low vicine-convicine cultivar Mélodie/2, and ILB 938/2, an inbred line selected from the Ecuadorian landrace ILB 938/2 with black hilum and high vicine-convicine concentration (Khamassi et al. 2013) . A population of 210 F 5 recombinant inbred lines (RILs) was generated by single-seed descent from the cross of Mélodie/2 (female) and ILB 938/2 (male) in the insect-proof greenhouse of Department of Agricultural Sciences, University of Helsinki, Finland during 2009-2012. The hilum colour was recorded during population development (F 1 -F 5 ) and followed normal Mendelian segregation (Supplementary Table 1 ), as expected.
The parental lines and the mapping population were grown in 2013 in a climate-controlled glasshouse of the Department of Agricultural Sciences, University of Helsinki, Finland, as reported previously (Khazaei et al. 2014) .
Two methods were employed to measure the vicineconvicine concentration, one based on HPLC (highperformance liquid chromatography) and the other on spectrophotometry. The partners at NIAB (National Institute of Agricultural Botany, UK) used the method described by Khamassi et al. (2013) , using both peak height and peak area for each of vicine and convicine on all 210 RILs, while those at Boreal Plant Breeding Ltd, Finland, followed Sixdenier et al. (1996) for total vicine-convicine on a subset of 161 RILs, owing to low seed quantity of the 49 other RILs. Modifications included using only one weighed and crushed seed per sample, incubating only 1 h 15 min at 90°C, and diluting the sample 1:10 before spectroscopy. Absorbances were converted to concentrations based on earlier calibration experiments, where HPLC was used as the reference method (Gutierrez et al. 2006) .
A set of 188 polymorphic SNPs, listed in Khazaei et al. (2014) , was used in this work. SNP genotyping was carried out using the KASPar TM (Kompetitive Allele Specific PCR) assay (KBioscience, UK) platform (Semagn et al. 2014) . Details on the KASPar principle, amplification of targeted region, fluorescence detection, and allele calling are available at http://www. kbioscience.co.uk/reagents/KASP_manual.pdf.
The genetic map was originally constructed by Khazaei et al. (2014) . The linkage map was constructed by using MapDisto v. 1.7.7.0.1 (Lorieux 2012 ) with logarithm of odds (LOD) score of 3.0 and recombination fraction of 0.3. The Kosambi function was used to calculate the map distance in centiMorgans (cM) (Kosambi 1943) . To map the hilum colour locus, we included binary phenotype status in both cases as an extra morphological marker to the molecular linkage map construction process, scoring the recessive colourless-hilum phenotype as homozygous and the dominant black hilum colour phenotype using the relevant genotypic ambiguity code to denote possible heterozygosity.
For the F 5 generation progeny, we calculated observed segregation ratio at each locus and averaged their values over loci to obtain mean segregation ratios.
Composite interval mapping (CIM; Jansen 1993; Zeng 1993) was used to detect the relationship between each linkage group and putative QTL locations of studied traits by Windows QTL Cartographer v 2.5_011 (Wang et al. 2012 ). Significant QTL were analysed with CIM. Cofactors were determined using the forward and backward method in the standard CIM model with the probability in and out of 0.1. The number of control markers and window size were set to 5 and 10, respectively. The genome was scanned at a walk speed of 1-cM intervals. The 95 % significance threshold for QTL detection (at each trait) was determined by the phenotype permutation using 1,000 permutations at an experiment-wise P \ 0.05 (Churchill and Doerge 1994) . LOD profiles over each of the linkage groups and for each trait were drawn. LOD score value greater than the threshold was considered as evidence of a QTL in these profiles. Uncertainty of the QTL position around maximum LOD score was indicated by 1-LOD and 2-LOD support intervals (Conneally et al. 1985; Van Ooijen 1992) . These intervals were calculated for the CIM run with 5 cofactors. Support interval threshold values were determined on the LOD score scale by subtracting one (two) LOD from the maximum LOD score value. Linkage map and QTL positions and profile were drawn by MapChart v. 2.2 (Voorrips 2002) .
VC region haplotype diversity A set of 37 diverse inbred accessions (listed in Supplementary Table 4) was genotyped with 29 SNP markers from the faba bean consensus map (Webb et al. 2015) covering the most telomeric-proximal portion (0-27 cM) of the short arm of faba bean chromosome I and spanning the entire qV-C confidence interval.
Results and discussion
In all generations, the segregation ratio of colourless to coloured hilum followed the expected Mendelian ratio (Supplementary Table 1 ), indicating that selection of the RIL population was unbiased in the region of hilum colour and vicine-convicine concentration.
Vicine concentration, convicine concentration, and total vicine-convicine concentration of the RIL population, as determined by the two partners on separate seed samples, were very highly correlated with each other (Supplementary Table 2 ). This result confirms that the methods used were consistent and that peak height and peak area delivered essentially the same information. It also shows that there is little segregation for the ratio of vicine to convicine in the progeny of a single cross, in contrast to the wide range in ratios found in a germplasm collection (Khamassi et al. 2013) .
The phenotype of vicine-convicine concentration in the F 5 generation was clearly bimodal, with the first mode around zero and the second mode at around 6.5 g/kg (dry weight basis) (Fig. 1, Supplementary  Table 3 ). Permutation-based LOD threshold to determine significant QTL at P = 0.05 with 1,000 times permutation
The mean segregation ratios for each SNP locus were close to 1:1, confirming that there were few heterozygotes at the marker loci. A bimodal phenotypic distribution is expected to be seen in case of a single strong QTL in backcross population where only two genotypes are segregating (Lander and Botstein 1989) . In this case, the assumption of normality is still considered valid, because QTL mapping methods often assume that the trait, conditionally on the effects of the QTL, follows a normal distribution. In other words, this means that normality is assumed only after the QTL is first pre-corrected away. It is also essential to realize that the phenotypic distribution seen in the table is not spike at zero type of distribution where part of the trait values are zero (censored) (Broman 2003) . One important difference is that there are many values around zero, not a single value.
QTL analysis using composite interval mapping showed a single, very strong peak (LOD values [ 50) for the individual and combined vicine and convicine concentrations, 1.81 cM from the end of the linkage group, with two tightly linked flanking SNPs on each side of the QTL and a further marker 0.8 cM away ( Fig. 2 ; Table 1 ). The markers enclose a zone of 3.6 cM in length and are thus much closer to the key vicineconvicine gene than the hilum colour marker, in this case 5.3 cM distant. All of the markers, except one, are derived from Medicago truncatula chromosome II and enclose a zone of about 340 genes in that model species (http://www.medicagohapmap.org/?genome). None of those 340 genes is clearly associated with pyrimidine metabolism. The remaining marker is derived from M. truncatula chromosome I, again unassociated with known genes for pyrimidine metabolism. The interval is associated with the distal end of the short arm of chromosome I of faba bean (Webb et al. 2015) .
The markers within the qV-C QTL may be of immediate use in selecting low vicine-convicine progeny from crosses where Mélodie/2 is the source of this trait, but we were interested in assessing the broad applicability of these markers in wider germplasm. Hence, 29 SNPs from the vicine-convicinehilum colour region of chromosome I of the faba bean consensus map (Webb et al. 2015 )-were genotyped across 37 diverse inbred lines, seven of which had known (mostly wild-type) vicine-convicine status as determined by Khamassi et al. (2013) . All nine SNPs distinguishing Mélodie/2 from ILB 938/2 were relatively frequent (18-81 %) in this set of diverse germplasm (Supplementary Table 4) . The co-segregating peak markers within the qV-C interval, Vf_Mt2g007780_001, and Vf_Mt1g083330_001, which are the best candidates for marker-assisted selection of low vicine-convicine, showed Mélodie/2 allele frequencies of 76 and 65 %, respectively, so are informative in a minority of crosses and are not diagnostic for the trait. This is not surprising as there is a single source of the trait, originating from mutagenesis (Duc et al. 1999) . The causative mutation is thus probably not found in nature and would be associated with the common haplotype present in the original mutant and transferred by breeding into other lines. Phenotypic selection for low vicine-convicine concentration in a breeding programme is relatively easy using the crude and cheap spectroscopic method, but this destroys the seed, so is not suitable for use on segregating breeding material. In many practical breeding situations, it would be useful to fix low vicine-convicine concentration in the early generations by testing the F 2 individuals with SNP markers. Selection of homozygous plants for further selfing would fix the useful trait in the following generations, when it would be possible to confirm the vicineconvicine status spectrophotometrically.
Conclusion
A single QTL determining vicine-convicine concentration was identified on chromosome I of faba bean. Flanking markers were identified 1.0 cM upstream and 2.6 cM downstream of the QTL, but the available alleles were not diagnostic of low vicine-convicine concentration.
